INTRODUCTION
Gene rearrangement in mammalian cells can occur either in a regulated process, or as a random event. Regulated rearrangement is generally considered to be limited to lymphoid cells, and much work has gone into elucidating the structural requirements and mechanisms involved in the generation of immune cell diversity (1) . In non-lymphoid cells, gene rearrangements are rare events which have garnered much interest due to their ability to cause gene disruptions, leading to congenital deficiencies, or gene fusions, as are commonly detected in malignant cells (2, 3) . Genes undergoing amplification have long been known to produce novel genetic elements, most often in the form of the joint fragments produced at amplicon ends (4, 5) , although interior rearrangements have also been reported (6) (7) (8) (9) .
The multidrug resistance (mdr) gene family provides a good model system with which to study the phenomena of gene amplification and rearrangement. These genes, which code for the multidrug resistance-associated membrane pump known as P-glycoprotein, are frequently amplified in cell lines expressing the multidrug resistant (MDR) phenotype (10) . The murine gene family consists of three members which are often co-amplified, owing to their tandem arrangement within an ∼400 kb region of genomic DNA (11) . This system has previously been used to analyze the evolution of amplicons in the mouse and closely related human systems (12) (13) (14) , to report an intriguing rearrangement involving a repetitive element (15) , and to serve as a model of translocation-mediated gene activation (16) .
A panel of MDR cell lines has been derived from the mouse macrophage-like cell line J774.2 (J7). Each of these sublines demonstrates a unique pattern of gene amplification and mRNA expression (17) . The J7-V2.1(V2) cell line is unusual in the fact that it has amplified all three murine mdr genes, and also expresses the three messages. I have previously reported that the highly amplified mdr2 gene in this cell line contains a duplication and rearrangement near its 5′ end, and that the rearranged band appears to be present in equal copy number with its wild-type counterpart (11) .
In this report, I present the molecular characterization of the rearrangement as a deletion involving 1.6 kb of native sequence including the fourth exon, and replacement of that region with a tract of simple sequence that appears to have been generated de novo. The mechanisms involved in this event are discussed, and the interesting effect of this rearrangement on the expression of mdr2 in the V2 cell line is presented.
MATERIALS AND METHODS

Cell culture
J7.V2-1 is a multidrug resistant subline of the murine macrophage-like cell line J774.2. Its isolation and characterization have been described (18) .
Isolation of genomic clones
A complete EcoRI-digested genomic library was prepared from the V2 cell line in the λ-ZAPII vector, using conditions suggested by the manufacturer (Stratagene, La Jolla, CA). The library was * To whom correspondence should be addressed at: National Institute of Child Health and Development, National Institutes of Health, Bethesda, MD 20892, USA Figure 1 . Restriction map of the 5′ end of the murine mdr2 gene. A restriction map was generated using data from genomic and cDNA clones. The location of the WT clones EMBL3-G2, and -G7 and MDR clone pV2.3B clones are shown below the map. mdr2 exons are shown by black boxes, and the dashed vertical line indicates corresponding EcoRI restriction sites. E, EcoRI, B, BglII, P, PstI.
amplified once before screening with oligonucleotide sbh-60 5′-GGACGAGCCGCGGCGAGCAAAGTCCAGTCT GCGCG-CCACCCGCTG-3′, nucleotides 119-163 in the cDNA sequence (19) . For wild-type clones, a partial Sau3A-digested genomic library from BALB/c mouse liver DNA prepared in the EMBL3-SP6/T7 vector was obtained from commercial sources (Clontech, Palo Alto, CA). A 1 kb XhoI fragment containing the first two exons of mdr2 was isolated from V2 clone pV2.3B and used to screen plaque lifts.
Fragments of recombinant phage were subcloned into pBluescript SKII+ (Stratagene, La Jolla, CA), and transformed into the bacterial strains DH5-α, XL1-Blue and SURE™ as directed by the manufacturer (Stratagene, La Jolla, CA). Sequencing of inserts was carried out manually using Sequenase Version 2.0 (US Biochemicals, Cleveland, OH), and by an automated Applied Biosystems sequencer using Dye-deoxy reagents and protocols recommended by the manufacturer (Applied Biosystems, Inc., La Jolla, CA). Nucleotide sequence was determined from both strands or from multiple reactions from one strand. Restriction maps were generated with a personally modified version of the Plasmid Description Language of Craig Werner.
Analysis of mdr2 transcripts by PCR
cDNA was prepared by reverse transcription of 1 µg of total RNA as described (20) . Aliquots corresponding to 50-100 ng of RNA were amplified by PCR using primers sbh-60 and sbh-158 (5′-AATTCTTCCTGGATTTA GCATTGACAATGA-3′, the reverse complement of cDNA nt 480-510). PCR synthesis was performed for 35 cycles of 94_C for 60 s, then 65_C for 90 s. Products were visualized by ethidium bromide staining, and cloned using the TA Cloning kit (Invitrogen, La Jolla, CA).
RESULTS
Cloning and structure of the 5′-end of mdr2
Previous Southern analysis of the promoter of the mdr2 gene in a panel of MDR cell lines had revealed the presence of two equally amplified EcoRI bands in the V2 cell line (11) . One of the bands appeared identical with the wild-type fragment, whereas the other migrated as a smaller fragment. To further analyze this region, attempts were made to clone both forms of the mdr2 promoter from the V2 cell line. Extensive screening of plaques from a V2 genomic library led to the isolation of clones corresponding only to the smaller, rearranged band. To obtain the wild-type sequence, a fragment of the MDR clone was used as a probe to isolate plaques from a library prepared from partiallydigested DNA from a normal mouse liver. Three independent genomic clones, designated EMBL3-G1, EMBL3-G2 and EMBL3-G7, were obtained, with approximate sizes of 18.0, 15.5 and 13.5 kb, respectively. Restriction mapping of the wild-type clones demonstrated that EMBL3-G1 contained an altered restriction pattern at both its 5′-and 3′-ends, and therefore this clone was not used for further analysis.
Using probes isolated from various regions of the genomic clones, a restriction map of the 5′-end of the mdr2 gene was constructed (Fig. 1) . The map of the region was extended in the downstream direction by using probes homologous to regions of the mdr2 cDNA sequence (19) . The structure of the gene between the 5′-end EcoRI site and the 5′-end of EMBL3-G2 was not examined in detail, and is therefore shown only as a dashed line in the figure.
Cloning and sequence of the region containing the rearrangement
Southern blot analysis of the WT and MDR clones revealed that the altered sequence was localized to a SacI fragment of 3.4 or 1.9 kb, respectively (data not shown). Extensive efforts to subclone the 1.9 kb MDR fragment were unsuccessful; the smallest fragment that was successfully cloned was a 4.5 kb XhoI-EcoRI fragment containing the 3′-end of the parental 7.1 kb MDR phagemid. Ligation of the 3.4 kb SacI fragment from EMBL3-G2 or EMBL3-G7 into a plasmid and transformation of standard Escherichia coli strains failed to yield the desired clone. This failure suggested that the region might contain unusual DNA secondary structure (e.g., hairpins, cruciforms, Z-DNA), since these stretches have been shown to exist in so-called 'unclonable' DNA regions (21) . To circumvent this problem, the ligation reactions were transformed into an E.coli strain lacking all bacterial restriction enzymes except for recA1 (21) . Use of this strain, which retains the capacity for homologous recombination but lacks the capacity for illegitimate recombination (22) , allowed the isolation of the desired colonies after the first attempt.
The 3.4 kb wild-type SacI fragment and the 1.9 kb rearranged fragment were sequenced by primer walking, which revealed a stark breakpoint on both the 5′-and 3′-sides ( Fig. 2A and B) . Sequencing of the region in its entirety revealed the presence of a 1.6 kb deletion, and the replacement of this sequence with an (AT) 38 repeat flanked by short sequences on either side (Fig. 2C , bottom black box). An incidental finding was that the deletion encompassed the fourth exon, which is located within the 3′ region of the deletion (Fig. 2C, top black box) .
There are a number of notable sequence features within this fragment that may provide a rationale both for the difficulty in its cloning, and for the formation of a genomic rearrangement in this area. First of all, there is a homopurine tract of 81 residues located ∼800 bp upstream of the deletion, as well as a 48 bp homopyrimidine tract within the deleted region (Fig. 2C, lined box) . Also, there is a stretch of residues with the repetitive sequence (GT 3-5 ) n located just upstream of the homopurine run (Fig. 2C, shaded box) . Of note, the (AT)-tract that forms the rearrangement is absent from this region, and is not located anywhere within the wild-type EcoRI fragment.
The deleted copy of the gene is expressed in V2 cells
I have previously reported that truncated copies of the mdr2 gene are not transcribed in MDR J774.2 cells (11). Since it had already been demonstrated that elevated steady-state levels of mdr2 message were present in the V2 cell line (17) , detailed studies of the message structure were performed to examine what effect, if any, this rearrangement had on the formation of mdr2 message. Total RNA was subject to RT-PCR analysis using primers from exons 1 and 5 (Fig. 3) . This experiment revealed the presence of three major products in V2, as well as some additional faint bands.
The largest of these products was 390 bp, the predicted size for wild-type message, and therefore the two smaller fragments were felt to represent V2-specific forms of the message, as they were not present when J7 or normal liver mRNA was used as a template.
The PCR products from the V2 reaction were directly cloned and 13 insert-containing colonies were analyzed. Based on insert size, these clones could be divided into three categories (Fig. 3,  right) . The great majority of these clones (10/13, 77%) represented a transcript that contained sequences from the mdr2 cDNA, but lacked exon 4. Eight of these (62%) were found to have exact splicing of exon 3 to exon 5 based on a comparison of this cDNA with the genomic sequence, whereas the remaining two (15%) demonstrated short (2-6 nt) insertions at the splice sites. As expected, the largest 390 bp clones contained a sequence identical to the cognate mdr2 transcript (19) . The smallest clone was found to represent an mdr2 transcript lacking both exons 2 and 4. In this case, the exons that have been retained in this transcript appear to have been spliced properly. No clones corresponding to the minor bands visualized from the reaction were obtained.
Protein coding capability of the mdr2 transcripts in V2
To analyze how the presence of these different transcripts would affect the presence of mdr2-derived protein in this cell, the effect of these deletions on the open reading frame was determined. The wild-type P-glycoprotein transcript encodes a protein of 1276 amino acids, which is thought to cross the membrane 12 times and contain two ATP-binding domains (19) . The major transcript in V2 cells lacks exon 4, and the removal of this sequence leads to the presence of an in-frame stop codon just after the exon 3-exon 5 splice junction. This message, therefore, would not be expected to encode a functional mdr2 P-glycoprotein. On the other hand, the exon 2/exon 4 deletion transcripts, which comprise a minor portion of mdr2 transcripts in V2, show an interesting capability. In the MDR genes, the translation initiator ATG is found in the second exon. Since this transcript lacks this exon, translation initiation must pass to the next ATG codon, which is found downstream, and is in-frame with the remainder of the protein. Theoretically, this message retains the capacity to code for an mdr2 protein that lacks the first 99 amino acids, but is otherwise intact.
DISCUSSION
Analysis of the rearrangement
Previous analyses have demonstrated high levels of amplification of the murine mdr genes in the multidrug resistant V2 cell line (17) . As in other systems (5-7), this amplification can be associated with gene rearrangements, which can occur on a large scale, as detected by pulsed-field gel analysis (11), or on a small scale, as demonstrated here. The cloning of both wild-type and rearranged sequences in this region provided an excellent opportunity to gain insight into the mechanisms that may have contributed to the generation of the rearrangement.
On inspection of the sequences, the most striking finding was the de novo generation of a stretch of poly(AT) during the rearrangement. Simple sequences such as this are found scattered throughout the mammalian genome (23) , in estimated copy numbers of >5 × 10 4 copies/cell (24) . In vivo, they frequently may expand or shrink by single repeat unit lengths, or may also expand by many units in a single meiosis. This instability forms the basis of numerous hypervariable genetic loci used as chromosomal markers (25) . This mechanism has also been shown to be responsible for a number of human genetic diseases, including the fragile X syndrome and myotonic dystrophy (26) . Although simple sequences are not infrequently encountered during genomic sequencing, this report marks the first time that such sequence has been detected de novo in a region previously lacking any such element.
The molecular basis for the generation of the poly(AT) tract during the rearrangement poses an interesting question, and there are two likely hypotheses to explain this phenomenon. The first is that the AT tract may have arisen from local sequence at the site of a deletion. The rearrangement described here involved the generation of flanking repeats with the sequence ATAAAA. Although this region is rather short, if the terminal ATA existed transiently as an overhang, it is possible that this sequence could have extended into a poly(AT) tract. The ability of simple repeat sequence to undergo slippage synthesis of long repetitive sequences from short precursors has been demonstrated in in vitro model systems, and is thought to be enhanced by high A+T content (27) . It is possible that early amplicons contained an oligo-AT region which increased in repeat number as the genomic fragment increased in copy number during selection of the cell line. The other potential mechanism for the generation of this tract involves the recruitment of this sequence from elsewhere in the genome; that is, via gene conversion. Similar reports of gene conversion have been observed in the human α-globin and the hamster aprt loci (28, 29) . In both of these cases, repetitive element sequences were found to flank the donor region, although none were actually transposed into the target. Because of the non-unique nature of the DNA sequence that has been introduced into the mdr2 locus, it is impossible to state if such DNA elements might be found adjoining a donor site for a possible gene conversion. It is interesting to note that a poly(AT) locus has been reported in the 5′ end of the mdr1b gene (30), located ∼100 kb away from the site of this rearrangement (11) .
Primary sequence elements that may play a role in the rearrangement process include two stretches of polypurine:polypyrimidine (R:Y) strand asymmetry in this region. An 81 bp element was detected upstream from the rearrangement and is preserved in both the wild-type and MDR fragments. A shorter stretch of 48 bp, which has the opposite strand polarity, has been excised during this event. These R:Y runs have been shown to adopt a triple helix configuration in vitro (31) (32) (33) (34) , and there is evidence to support triple-helix formation in vivo as well (33) . A functional role for these sequences has been posited based on experiments showing that R:Y regions can stimulate homologous recombination (35) as well as regulate gene transcription (36) . These observations suggest that this region's ability to form higher-level DNA structural elements may have served to target it as a nidus for the generation of rearrangements in this segment of the genome. Interestingly, the importance of superstructural DNA elements is further increased by the nature of the DNA that has been introduced by this rearrangement. Structural studies of tracts of poly(AT) have suggested that this sequence does not form B-DNA, but rather exists either as underwound helices (37) or cruciform structures (38) . This property of simple sequence DNA to form non-B DNA is not limited to poly(AT). Poly(AC) and poly(GC) have been demonstrated to form Z-DNA in vitro and in vivo (39) , and poly(AG) leads to R:Y regions, with the structural implications as discussed above.
If gene conversion were the mechanism of generation of the rearrangement, a good analogy can be made between this event and the insertion of the LINE family of repetitive elements. The integration of these retrotransposons is thought to be mediated by non-B DNA structures at their right-hand ends (40) . Analysis of the integration sites for LINE elements showed very early that the integration was not a random event, and that these elements tended to prefer relatively A+T rich areas of the genome (41, 42) . Further research indicated that the common feature that linked target sites was the ability to form a variety of non-B structures, and proposed that the interaction of the two non-B DNA structures played some sort of role in the integration process (43) . Thus, like the insertion of LINE elements, this report demonstrates the insertion of a non-B DNA form into an area that likely exists as non-B DNA.
Functional implications of the rearrangement
Previous analyses of mdr gene expression in the V2 cell line had revealed two unusual features: first, that mdr2 was highly over-expressed in this cell line (17) , and secondly, that a rearrangement was present near the 5′-end of this gene (11) . The results presented in this study help to tie these two observations together. Examination of the rearrangement revealed that it consists of a deletion of the fourth exon, and that it is this deletion-harboring form of the message that is predominant in these cells. Since V2 contains the most mdr2 message in the steady-state (17) , this message must be stable within the cell, despite the fact that it is probably not able to code for a functional P-glycoprotein. This observation is consistent with the failure to detect immunoreactive mdr2 P-glycoprotein with peptidedirected polyclonal antibodies demonstrated to have a high titer against the immunizing peptide (L.S.K. and S.B.Horwitz, unpublished observations). In some way, then, the presence of the rearrangement selectively enhances the expression of its cognate copy of the mdr2. Although the mechanism by which this phenomenon has occurred is not known, possibilities include a direct stimulatory effect of the poly(AT) region on transcription, the removal of a suppresser element via the deletion, or an alteration in the ultrastructural arrangement of the DNA in the region causing an alteration in transcription.
The presence of mdr2 message containing a deletion of exons 2 and 4 is also intriguing. This message, if translated, would produce a P-glycoprotein that extends from the first extracellular domain presumably to the C-terminus. It is not known how such a change would affect the function of the mdr2 gene product, but it is worthwhile to note that a transcript of the hamster pgp1 gene that lacks the ATG-containing second exon has also been detected (44) . It is interesting to speculate that the generation of transcripts lacking the second exon may be a more general phenomenon in the mdr genes, and that these transcripts would provide alternative N-termini for the P-glycoprotein, with the possibility of differential function or regulation.
SUMMARY
This paper demonstrates the de novo generation of a region of simple sequence during gene amplification. Interestingly, in the initial description of genomic simple sequence, a link between these sequences and gene rearrangement was posited (28) , a theory that has been without experimental corroboration up until this report. The mechanism may be one of in situ slippage synthesis, but more likely is due to gene conversion with a region of simple sequence behaving like a retrotransposon element. Transcriptional effects of this rearrangement are evident, although whether this is a function of the simple sequence itself, or is related to the particular target sequence involved, is yet to be resolved.
